Objective: Competitive Queuing (CQ) models of memory for serial order comprise two layers: parallel planning where target items are activated and competitive choice where serial order is specified. The application of CQ models regarding healthy and pathological aging has received little attention. Method: Participants included patients with Alzheimer's disease (AD; n = 26), vascular dementia (VaD; n = 29), and healthy controls (HC; n = 35). Memory for serial order in the visual domain was assessed using the Object Span Task, where participants briefly viewed then drew a sequence of four figures. Percent correct and total errors (omissions, intrusions, repetitions, transpositions) were computed for each serial position. Results: Significant primacy effects were detected in each group. AD and VaD participants were less accurate and showed more omission and between-trial repetition errors than HC (HC < AD = VaD, p < .05). VaD participants produced more transposition and intrusion errors than the AD and HC groups (HC < AD < VaD, p < .05). A group × position interaction was significant for omissions (p < .05), with AD and VaD participants producing more omissions in later serial positions (SP1 < SP2 < SP3 < SP4, all p values < .05). Conclusions: Analysis of accuracy and errors by serial position identified unique patterns of performance across groups that suggest involvement of distinct layers of response activation and selection. Serial order difficulties in AD may be due to weakened activation of task items affecting later serial positions, whereas poor performance in VaD may be due to weakened activation plus interference from extraneous stimuli at all serial positions.
Introduction
Memory for serial order refers to the acquisition and recall of a sequence of stimuli in a specified order. Serial ordering in short-term memory involves multiple complex processes and is considered crucial for higher-order functions such as motor skills, action planning, vocabulary learning, and language fluency (Agam, Bullock, & Sekuler, 2005; Agam, Galperin, Gold, & Sekuler, 2007; Baddeley, 2007; Baddeley, Gathercole, & Papagno, 1998) . Although classic models of working memory (Baddeley & Hitch, 1974) do not specify a mechanism of serial order recall, more recent computational approaches propose a two-layer response selection mechanism known as competitive queuing (CQ) that accounts for a variety of serial order phenomena in studies of healthy young adults (Hurlstone, Hitch, & Baddeley, 2013) . Serial order impairments in dementia groups have been reported in reference to neuropsychological profiles. The goal of this study was to understand serial ordering difficulties in individuals with different dementia subtypes from a CQ perspective.
Neuropsychological Profiles and Serial Ordering in AD versus VaD
There is considerable heterogeneity in the extent to which individuals with dementia present with vascular risk factors and white matter hyperintensities on MRI of the brain (i.e., subcortical vascular dementia, VaD), and this heterogeneity has been associated with distinct neuropsychological profiles (Filley & Fields, 2016; Libon et al., 2004; Seidel, Giovannetti, & Libon, 2011) . For example, individuals with dementia and extensive white matter disease (VaD) demonstrate slowed processing speed and greater executive dysfunction relative to participants with dementia who do not show extensive white matter disease (Giovannetti et al., 2001; Lamar, Catani, Price, Heilman, & Libon, 2008; Lamar, Price, Libon, & Penney, 2007) . Studies comparing participants with minimal vascular disease versus participants with VaD show less impairment in episodic memory encoding and semantic memory in VaD participants (Filley & Fields, 2016; Lamar, Price, Giovannetti, Swenson, & Libon, 2009; Prins & Scheltens, 2015; Price et al., 2009; Roh & Lee, 2014) .
The distinct neuropathology and neuropsychological profiles associated with dementia without vascular disease versus VaD have been proposed to explain differences in working memory and serial order difficulties. For example, on sequencing tasks (e.g., digits backward), individuals with VaD show a tendency for more perseverative errors, sequencing errors, and offtask intrusion errors than dementia participants without cerebrovascular disease (Lamar et al., 2007; Lamar, Price, Davis, Kaplan, & Libon, 2002) . Dementia participants without vascular disease demonstrate a tendency for more omission errors (Lamar et al., 2010) and increasing errors on trials with the greatest memory demands (Hampstead et al., 2010) . To date, serial ordering differences between dementia groups with varying levels of cerebrovascular disease have been explained in the context of their executive function versus episodic memory impairments. This paper examined whether CQ models are helpful in further explicating the ordering deficits in these dementia groups.
Basic Features of CQ Models
There are multiple variants of CQ models of serial order in short-term memory, though most models consist of two layers (1) parallel planning and (2) competitive choice. In each layer, items to be sequenced (e.g., digits, figures, etc.) are represented by item nodes that are activated at varying levels and compete for selection; nodes must attain a threshold level of activation for selection and only one node is selected at a time. The response selection process begins in the parallel planning layer, where relevant nodes are simultaneously activated, though the relative strength of node activations varies according to sequence position (earlier items are more strongly activated than later items). Next, in the competitive choice layer further ordering constraints are imposed through competitive-field dynamics. That is, each item in the competitive choice layer excites itself and inhibits the activation of all other items. Once the item with the greatest activation is selected for output in the competitive choice layer, it is immediately inhibited. This process is called response suppression, and it serves to remove the selected item from the planning layer so that the next item with the strongest activation can be recalled. This process proceeds in an iterative fashion until all items are recalled (Hurlstone et al., 2013) . CQ models are favored over other models (e.g., simple chaining) in part because they account for the largest number of benchmark serial order memory phenomena in healthy participants, including primacy and recency effects and error patterns (Glasspool, 2005; Hurlstone et al., 2013) .
Primacy and Recency Effects and the CQ Model
Primacy and recency effects are among the most replicated findings in experimental psychology and are observed across populations, task stimuli, and task designs (Ebbinghaus, 1913; Guérard & Tremblay, 2008; Oberauer, 2003) . CQ models explain primacy effects as the result of high levels of activation in the highly distinct early serial positions within the parallel planning layer. Recency is explained as a byproduct of low selection competition at the last serial position(s) following response suppression of emitted items in the competitive choice layer (Hurlstone et al., 2013) .
Primacy and recency effects are largely preserved, in healthy older adults despite an overall reduction in accuracy compared with younger participants (Capitani, Della Sala, Logie, & Spinnler, 1992; Petersen, Smith, Kokmen, Ivnik, & Tangalos, 1992) . Thus, serial ordering mechanisms may be preserved in normal cognitive aging. Individuals with AD show reduced primacy and relative preservation of recency, a pattern attributed to rapid forgetting, encoding failure, and/or interference (Burkart, Heun, & Benkert, 1998; Moser et al., 2014) . One study showed participants with VaD demonstrated a greater primacy effect than participants with dementia and no cerebrovascular disease, who demonstrated strong recency (Orru et al., 2009) . Given the seemingly parsimonious account of serial order effects provided by CQ models, the pattern of reduced primacy in AD relative to healthy older adults as well as individuals with VaD highlights a clinical phenomenon that is currently unexplored by CQ models.
Error Patterns and the CQ Model
The most widely studied and the most frequent error type in memory for serial order is the transposition error, which occurs when a list item is recalled in an incorrect serial position (Hurlstone et al., 2013) . CQ models explain the predominance of transpositions as a disruption in the response activation system that can occur at either layer (Guérard & Tremblay, 2008; Henson, Norris, Page, & Baddeley, 1996; Hurlstone et al., 2013) . Transposition errors tend to occur most frequently during medial sequence positions (Henson, Norris, Page, & Baddeley, 1996) and close to their original position in the sequence (i.e., locality constraint; Farrell & Lewandowsky, 2004) .
CQ research also has examined item errors (i.e., errors that do not involve mis-sequencing). Omissions have been attributed to failure of an item's activation to reach the requisite threshold for selection (Page & Norris, 1998) . Intrusion errors are responses that include items that were never presented as part of the study sequence or at any point earlier in the task but nevertheless attain significant activation in the parallel planning layer and compete with list items for response selection. In healthy young adult samples, the probability of both omission and intrusion errors has been shown to increase as a function of output position (Lewandowsky & Farrell, 2008) . Activation strength decreases across output positions and increases the likelihood that items later in the list will fall beneath the selection threshold (e.g., omission) or encounter competition from weakly activated extra-list items (e.g., intrusions; Farrell & Lewandowsky, 2012) .
Repetition errors can occur within task trials (i.e., reporting a list item twice during one recall) or between trials (reporting an item from prior trials). Within-trial repetitions are quite rare, accounting for 2%-5% of all responses (Henson et al., 1996) and follow a pattern of being separated by several responses, such that they almost never occur in adjacent serial positions (Lewandowsky & Farrell, 2008 ) (Within-trial repetition errors are sometimes referred to as intra-list intrusions and between trial-repetitions are sometimes referred to as serial order intrusions, inter-list intrusions, extra-list intrusions, or protrusions (i. e., when serial position is preserved across lists). However, we use the term repetition, which clearly distinguishes this error from responses that were never presented to the participant (i.e., intrusion). We also chose the terms "within-trial" and "between-trial" to denote in the clearest possible terms whether the repetition was for an item that was presented in the immediate trial versus a past trial.). The rarity and pattern of within-trial repetitions is thought to reflect the response suppression mechanism characteristic of CQ models, where an item is automatically deactivated immediately following response emission. Dynamic CQ models posit that between-trial repetitions arise as a result of associative context signals that are encoded in a Hebbian weight matrix, which linger across trials (Hurlstone, et al., 2013) . Between-trial repetition errors have been associated with reduced executive control in VaD (Lamar et al., 2007 (Lamar et al., , 2008 .
Current Study Aims and Hypotheses
This study assessed the applicability of CQ mechanisms to short-term memory for serial order in healthy and pathological aging. The first aim was to evaluate findings that support CQ models, which we expected would be observed in both AD and VaD. First, we hypothesized that both dementia groups, but particularly the AD group, would show reduced accuracy in early serial positions relative to later positions, reflecting a reduction in the primacy effect associated with pathological aging. Performance in later serial positions would be more accurate than early positions in all groups, reflecting the relative preservation of the recency effect. Second, as predicted by CQ models, we hypothesized that all groups would show more transposition errors than omissions, intrusions, and/or repetitions (i.e., item errors). We also hypothesized that transpositions would occur most frequently in the middle of a series and would most commonly involve the mis-sequencing of items that are proximal within the sequence (i.e., locality constraint).
The CQ literature does not specify the role of episodic memory and executive control on serial order errors; thus, the second aim of the study was to examine the relative role of these processes on serial order behavior though a detailed analysis of errors by serial position in our dementia groups. We reasoned that the amnestic deficits in the AD participants would lead to premature decay of the information in both the parallel planning and competitive choice layers and predicted that AD participants would produce more omission errors relative to VaD and HC participants, particularly for later serial positions. By contrast, the VaD participants' executive deficits would result in greater interference in the parallel planning layer from weakly activated irrelevant information and past list items as well as weak or ineffective inhibition of previously emitted items (Hampstead et al., 2010; Lamar et al., 2009; Price et al., 2009) . Therefore, we predicted that the VaD group would make more transposition errors, intrusion errors, and repetition errors than the AD group, with intrusions and repetitions most frequent at later serial positions.
Methods

Participants
Participants were patients attending the UMDNJ-SOM New Jersey Institute for Successful Aging Memory Assessment Program (MAP). The MAP comprises individual examinations by a multi-disciplinary team of health care professionals as well as appropriate diagnostic laboratory studies. Reversible causes of dementia were evaluated and a clinical diagnosis of dementia was determined for each patient at an inter-disciplinary team conference. The current study was approved by the UMDNJ-SOM institutional review board with consent obtained according to the Declaration of Helsinki.
Of our 90 participants, 26 participants met criteria for National Institute of Neurological and Communicative Disorders and Stroke and the Alzheimer's Disease and Related Disorders Association (NINCDS-ADRDA) probable AD and 29 participants met criteria for probable/possible subcortical ischemic VaD using the California Criteria of Chui based on clinical and neuroimaging variables (Chui et al., 1992; McKhann et al., 1984) . Thirty-five healthy control participants were recruited from community centers providing social activities for older adults. All healthy controls were living independently in the community, were not seeking clinical evaluation, and did not report concern over atypical cognitive decline. All MMSE scores for HC participants were in the non-impaired range after controlling for age and education (Folstein et al., 2010) . Exclusion criteria for all participants included any history of head injury, substance abuse, major psychiatric disorders including major depression, epilepsy, B12, folate, or thyroid deficiency. This information was gathered from a knowledgeable family member for participants with dementia and self-report for controls.
MRI Protocol
Using a 1.5-Tesla Siemens MRI scanner participants obtained T1-weighted (TR-500 ms, TE-9 ms) and FLAIR (TR-8500 ms, TE-99 ms) images (5 mm slice thickness, 1 mm gap). The severity of white matter alterations was quantified using the 40-point Leukoaraiosis Scale of Junque (Junqué et al., 1990; Pujol, Junqué, Vendrell, Capdevila, & Martí-Vilalta, 1991) . A board-certified neuroradiologist blinded to all clinical data as well as dementia diagnosis graded white matter in five specific areas for each hemisphere, i.e., frontal centrum semiovale, parietal centrum semiovale, white matter around the frontal horns, white matter around the body of the lateral ventricles and white matter around the atrium and the occipital horns. Scores for each area, ranging from 0 (no visible white matter alterations) to 4 (severe white matter alterations), were summed for a total Leukoaraiosis Scale score (total score = 40).
Object Span Task
Working memory was assessed with an Object Span (OSp) Task, an experimental paradigm designed to measure visuospatial working memory. The OSp consists of seven trials of two-, three-, and four-span lengths for a total of 21 trials. Participants were shown a series of cards, each depicting a single simple visual shape or symbol (ex: <, ×, □, o). Each shape appeared only once per trial, but were sporadically repeated across trials. Each card was displayed for three seconds before being removed from view. Immediately following presentation of the last card for each item, participants were instructed to draw the series in the order in which it was presented. Initially both OSp-Forward and OSp-Backward trials were given; however, the OSp-Backward trials resulted in floor effects for the majority of patients with dementia and were therefore discontinued. Thus, only data on the OSp-Forward trials were analyzed for this study. Administration of the OSp was grossly modeled after standardized Wechsler Digit Span procedures with the exception that the discontinuation rule was not applied. Thus, all patients received all 21 test trials of the OSp. The OSp four-span was the longest span length and the most suitable for serial position analyses. OSp responses were first manually scored for accuracy and errors by trained research staff. Data for the dementia groups were further analyzed using a computerized scoring system created to perform automated error analyses.
Task accuracy was quantified using a proportion correct score. This score reflects the total number of items correctly drawn in accurate serial position divided by the total possible correct. Errors were coded to reflect a range of error categories as described in the existing literature on memory for serial order (Hurlstone et al., 2013) . Error scores were also quantified as proportions, reflecting the total number of each error divided by the total number of possible responses. All accuracy and error scores were derived from output produced during four-span trials, such that the total possible correct was 28 (7 trials × 4 items). The following errors were coded from the entire corpus of four-span OSp trials:
• Transpositions-This score reflects the total number of times an item from a trial sequence is reproduced in the wrong position.
• Item errors-Errors not associated with the mis-sequencing of task stimuli.
• Omissions-This score reflects items omitted from a response set.
• Intrusions-This score reflects the production of an object never presented as a stimulus, including stimulus items with additional features and the combination of two or more stimulus items.
• Within-trial Repetitions-This score reflects any response produced more than once per trial.
• Between-trial Repetitions-This score reflects production of an object that was previously presented as a stimulus or produced as a response in the preceding trials despite its absence from the current trial.
All OSp errors (transpositions and item errors) were tallied at each of the four serial positions (SP). In addition, for transposition errors, the difference between the correct serial position and the position at which the error was produced was calculated to evaluate the locality constraint. For example, for the sequence, 1-2-3-4, the response, 1-3-2-4, contains a transposition error where the distance between the correct serial position and the position in which the error was produced is −1, which supports the locality constraint. By contrast, in the response 4-2-3-1, the 4 is inaccurately placed in the first serial position and the distance is −3; this pattern does not support the locality constraint.
Neuropsychological Assessment
Neuropsychological measures of episodic memory and executive function were administered to characterize the dementia subgroups. Episodic memory was assessed using the Philadelphia (repeatable) Verbal Learning Test (PrVLT; Price et al., 2009 ) delayed free recall trial and recognition test trials (discriminability). Two tests were administered to assess executive functioning, including the Boston Revision of the Wechsler Memory Scale-Mental Control subtest (Lamar et al., 2002) and letter fluency (letters "FAS"; Strauss, Sherman, & Spreen, 2006) . Prior studies have shown that these tests and variables differ significantly between AD and VaD participants (Lamar et al., 2007 (Lamar et al., , 2014 Libon et al., 2004) .
Statistical Analyses
All statistical analyses were performed using SPSS version 21. Inter-rater reliability for manually scored OSp errors was established by comparing error coding data of two independent coders using Cohen's κ and correlation analyses. Inter-rater reliability comparing manually scored OSp errors and computer-scored OSp errors was established using Cohen's κ, correlation analyses, and paired-sample t-tests. Raw error scores were converted to weighted log-odds scores prior to significance testing to correct for floor effects. All reported inferential statistics were computed using weighted log-odds scores. All graphical depictions of the data reflect untransformed response proportions. The Bonferoni method was used to correct for multiple comparisons. Findings with p < .05 (two-tailed) were considered statistically significant. Effect sizes for between-group differences were estimated using Cohen's d [.2 = small; .5 = medium; .8 = large] (Cohen, 1988) .
Results
Participant Characteristics
Groups did not differ in terms of sex distribution; however, there were differences in other demographic variables (see Table 1 ). Separate one-way analyses of variance (ANOVA) revealed between-group differences in age, education, and dementia severity as assessed by the Mini Mental State Examination (MMSE). Post-hoc comparisons showed no significant differences between the two dementia groups. The HC group was younger, more educated, and performed better on the MMSE when compared with both dementia groups. The VaD group had more severe white matter alterations, with greater total Junque Leukoaraiosis Scores compared with the AD group. Separate one-way analyses of variance (ANOVA), controlling for age and education, revealed differences between AD and VaD groups on the P(r)VLT delayed free recall and recognition discriminability, the Boston Revision of the Wechsler Memory Scale-Mental Control subtest Accuracy Index (AcI), and letter fluency. As expected, the AD group performed worse on both measures of episodic memory compared with the VaD group. The VaD group performed worse on both measures of executive functioning compared with the AD group.
Inter-rater Reliability
When data for both dementia groups scored using the automated computer program were compared with data scored manually, no significant differences were detected (all p values > .05) and correlation coefficients were strong (all r-values > .76). Reliability between computer-generated error scores and manually scored was substantial (all Cohen's κ values > .70). Interrater reliability between two independent coders demonstrated agreement in manually identifying and classifying errors (all Cohen's κ values > .74).
Primacy-Recency Analysis
Three ANOVAs were conducted to examine the effect of Serial Position (1, 2, 3, 4) on performance accuracy (proportion correct) separately in each group. In the HC group (see Fig. 1 ), there was a significant effect of serial position, F (3, 28) = 8.62, p < .01. Contrary to prediction, post-hoc tests of simple main effects showed a primacy effect, but no recency effect (SP1 = SP2 > SP3 = SP4; for significant comparisons all p < .01). In the AD group, a significant effect of serial position was present, F (3, 25) = 43.35, p < .01. Post-hoc tests of simple main effects showed a primacy effect, with significant declines in accuracy from Serial Position 1 to Serial Position 4, and no effect of recency (SP1 > SP2 > SP3 > SP4, for significant comparisons all p < .01). Significant main effects were also present in the VaD group, F (3, 28) = 14.76. Post-hoc tests of simple main effects showed a primacy effect, but no recency effect (SP1 = SP2 > SP3 = SP4, for significant comparisons all p < .01). 
Transposition Errors
Paired-samples t-tests were conducted separately for each group to evaluate whether participants made more transposition errors than item errors, as predicted by CQ models. Contrary to prediction, results showed that each group produced significantly more item errors than transposition errors (see Table 2 ), HC-t(28) = −3.90, p < .001, d = 2.75; AD-t(25) = 12.23, p < .001; VaD-t(26) = 18.55, p < .001.
A repeated measure ANOVA examining the effect of Serial Position (1, 2, 3, 4) on transposition errors was significant, F(3, 79) = 11.64, p < .01 (see Fig. 2 ). Post-hoc tests of simple main effects showed that, consistent with predictions from CQ models, transposition errors occurred most frequently at the medial serial positions (SP1 < SP2, SP2 > SP4, SP3 > SP4, SP1 > SP4; for significant comparisons, all p < .01; all other comparisons, p ≥ .14). A repeated measure ANOVA examining the displacement of transposition errors in the dementia groups was significant, F(5, 46) = 27.62, p < .01, with an inverse U-shaped transposition gradient that conforms to the locality constraint (see Fig. 3 ).
Between-Group Analyses of Errors
A series of univariate ANOVAs controlling for age and years of education were conducted for OSp accuracy and errors (see Table 2 ). Significant main effects of group were detected for proportion correct, F(2, 85) = 31.41, p < .01, transpositions, F(2, 85) = 18.15, p < .01, omissions, F(2, 85) = 8.23, p < .01, intrusions, F(2,85) = 13.13, p < .01, and between-trial repetitions, F(2, 85) = 13.52, p < .01. No effect of group was found for within-trial repetitions. Post-hoc comparisons (Table 2) showed both dementia groups were less accurate and made more omission and between-trial repetition errors than HC. As predicted, the VaD group made more transpositions and intrusion errors than the AD group.
Position Effects for Item Errors
The effects of dementia group and serial position on item errors were explored using Group (AD, VaD, HC) × Serial Position (1, 2, 3, 4) mixed ANCOVAs controlling for age and education. Four separate ANCOVAs were conducted for each of the following OSp error types: omissions, intrusions, between-and within-trial repetitions (see Fig. 4 ). Simple effects contrasts were conducted in cases where interaction effects reached significance. As shown in Table 2 , significant main effects of group were detected for intrusions and between-trial repetition errors. However, there was no effect of Serial Position, nor Group × Serial Position interactions for intrusions or between-trial repetitions (see Fig. 4 ). No main effects or interactions were detected for within-trial repetition errors.
The ANCOVA for omissions showed no effect of Serial Position, F(3, 77) = .580, but a significant effect of Group, F(2, 78) = 10.41 p < .01, and a significant Group by Serial Position interaction, F(6, 78) = 8.17, p < .001, were detected. Both dementia groups produced significantly more omission errors compared with HC participants at all serial positions (HC < AD = VaD; all p values < .05, all d-values > 0.70). Additionally, both dementia groups produced an increasing number of omission errors across serial positions (SP1 < SP2 < SP3 < SP4), whereas HC participants only showed a significant increase at the final serial position (SP1 = SP2 = SP3 < SP4, all significant p values < .05).
Discussion
As CQ models are frequently used in cognitive science to account for short-term memory performance related to serial ordering, it is increasingly important to test the applicability of these models for understanding cognitive aging and dementia. The results of the present study are summarized in Table 3 and indicate that CQ models provide a useful framework for understanding memory for serial order in healthy aging, with some, but not all, findings supporting predictions based on studies of young participants. Examination of errors across serial positions demonstrated unique patterns of performance across dementia groups that may be understood in the context of CQ processes, such as response activation and competition for selection.
The first aim of this study was to examine serial order performance in healthy aging and dementia in light of past empirical findings that have supported CQ accounts. Contrary to existing literature on serial recall in healthy young participants and dementia (Capitani et al., 1992; Moser et al., 2014; Orru et al., 2009 ), the present study found a strong primacy effect with little evidence for recency in the controls and both dementia groups. The task used in this study differs from the list-learning tasks that have been used in the dementia literature in that participants were instructed to recall items in their exact serial order. This additional sequencing demand may have emphasized attention to earlier task items and an activation gradient that emphasized primacy (Baddeley & Hitch, 1977; Hurlstone & Hitch, 2014) . This finding warrants further research on primacy and recency in the context of sequencing demands.
The present findings did not confirm the predicted predominance of transposition errors in healthy aging or dementia participants. Previous work with healthy young adults has demonstrated a pattern of greater transposition errors compared with item errors in serial recall. Our results showed that healthy controls and both dementia groups committed omissions and between-trial repetitions as frequently or more frequently than transposition errors, suggesting a vulnerability to increased interference from previously activated items in older adults and pathological aging. Item errors should be more closely examined in future research with a range of tasks, as it is possible that the disproportionate number of item errors produced by participants may be due to the unique nature of the OSp task. The OSp task relies on graphomotor output to test recall, whereas a much of CQ research has been conducted using verbal list-learning and simple span tasks that provide fewer opportunities for the production of item errors. Indeed, the preponderance of transposition errors is less common in tasks with complex verbal stimuli (e.g., low-frequency words, non-words; Hulme, Stuart, Brown, & Morin, 2003; Miller & Roodenrys, 2012; Unsworth & Engle, 2006) . Consistent with predictions from CQ models, transposition errors occurred most frequently at medial positions. Additionally, the transposition displacement analysis showed a clear locality constraint, such that the distance between items in the original sequence was generally preserved in participants' sequencing errors. Thus, although transposition errors were not as frequent as predicted, the features of transpositions (i.e., medial positions, locality constraint) conformed to predictions based on CQ models. Transposition errors will occur more frequently in the middle of the sequence (i.e., SP2 and SP3) and involve proximal items (locality constraint) in all groups Supported Transposition errors for all groups: SP1 < SP2, SP2 > SP4, SP3 > SP4. Note that we also observed that SP1 > SP4, which was not predicted AD group will make more omission errors than the VaD and HC groups; particularly in later serial positions Partially supported Group effect was not supported-Total Omissions: HC < AD = VaD; serial position effect was supported-for both dementia groups: SP1 < SP2 < SP3 < SP4; for HC: SP1 = SP2 = SP3 < SP4 VaD group will make more transposition, intrusion, and repetition errors than AD and HC groups; intrusions and repetitions will occur more frequently in later serial positions
Partially supported Transpositions and Intrusions: HC < AD < VaD; repetitions: HC < AD = VaD for repetition errors; no effect of serial position The second aim of this study was to analyze serial order errors in AD and VaD and determine whether sequencing difficulties could be explained from a CQ perspective.
AD participants demonstrated a primacy effect marked by a steep reduction in recall accuracy beginning at Serial Position 2. Compared with healthy controls, AD participants demonstrated a disproportionate number of omission errors, which were more common in later serial positions. AD participants also produced more between-trial repetition errors compared with healthy controls (and fewer between-trial repetitions compared with VaD participants). This pattern of intact performance at Serial Position 1 coupled with a decline in forward recall slope and increased rate of omission and between-trial repetition errors may be explained by a strong primacy gradient along with weakened activation of later output position item nodes secondary to rapid forgetting. From a CQ perspective, response suppression reduces competition among nodes, which should result in increased performance accuracy at later output positions. However, in the context of elevated omission errors, reduced accuracy for later items suggests a dearth of items in the parallel planning layer that reach the threshold for selection. Thus, deficits in memory for serial order associated with AD may be due to weakened or premature decay of node activation for items to be recalled in the parallel planning layer.
VaD participants demonstrated poor accuracy at all serial positions relative to controls and the AD group. Nevertheless, the VaD group also showed a clear primacy effect, with relatively reduced performance at Serial Positions 3 and 4. In addition to a high rate of omissions relative to controls, VaD participants made more intrusion errors and between-trial repetitions at all serial positions. The unusually high production of intrusion and between-trial repetition errors suggests increased interference from activation of items from previous trials and irrelevant items. It is noteworthy that intrusion errors often contained design elements of previous task stimuli or were hybrid combinations of two or more task stimuli as described by Lamar et al. (2009) . Considered in the context of the relative preservation of episodic memory in the VaD group, it is possible that individuals with VaD experienced increased interference from previously encountered task stimuli due to a combination of relatively preserved episodic memory and weakened inhibitory processes. This pattern suggests more pervasive serial order deficits at both the parallel planning and competitive choice levels in VaD in contrast to the weakened activation pattern observed in AD.
In the present study, between-trial repetitions were one of the most frequent error types across all groups, including healthy controls. This indicates a vulnerability to proactive interference in healthy aging and dementia that is consistent with models of cognitive aging that predict declines in working memory due to a decrease in the ability to inhibit irrelevant information (Hasher & Zacks, 1988; Lustig, Hasher, & Zacks, 2007) . Some authors have suggested that between-trial repetitions arise as a type of guessing that is employed when proactive interference renders correct responses inaccessible (Sanders & Willemsen, 1978) . Although empirical evidence for this hypothesis in young adults is mixed, it is possible that older adults are more prone to this behavior due to increased vulnerability to proactive interference. Consistent with the CQ literature, within-trial repetitions were rare across all groups, suggesting that inhibitory feedback in the competitive choice layer is generally resistant to degradation in dementia and may reflect a relatively automatic process. However, interference from more distant items that are no longer suppressed via inhibitory feedback is more likely to disrupt serial recall, particularly in individuals with VaD. This is further evidence that inhibition of within-list items is controlled by a different mechanism than inhibition of more distant, related items, and that the latter inhibition mechanism is disrupted in VaD (Grossi, De Lucia, & Trojano, 2015; Dell, Burger, & Svec, 1997; Sandson & Albert, 1984) .
This study had several strengths and limitations. One limitation is that we cannot be completely certain of the composition of our study groups. We could not definitively rule out mild cognitive impairment (MCI) in our healthy controls. Although all controls were living independently in the community, did not report atypical cognitive decline, and performed significantly better than the dementia groups on the MMSE and serial ordering test, a comprehensive medical and neuropsychological evaluation was not performed with the control group. Also, although the AD and VaD groups were defined using established diagnostic criteria base on clinical and neuroimaging variables, we cannot exclude the possibility that both groups contain individuals with mixed dementia pathologies. A second limitation is that we did not include a comprehensive evaluation of executive functions. Another limitation is the restricted range of serial positions available for CQ analyses. Due to the complex, non-automatized nature of the OSp task, significant floor effects limited the examination of task trials with a span length greater than four. Previous CQ research in healthy younger adults included serial position curves with longer span lengths to more clearly demonstrate patterns in accuracy and error production. Although significant serial position effects were detected on 4-span OSp trials, the present study could have benefited from 5-or 6-span trials to more precisely identify patterns of responding. We acknowledge that our task stimuli included simple visual stimuli that could be verbally encoded. Although the multidimensionality of the stimuli limited our ability to ascribe sequencing difficulties to a specific sensory modality, we view this feature of our task as a strength, as most information that must be sequenced in life is able to be encoded through multiple modalities. Additionally, the multidimensionality of the task stimuli also allows us to avoid ascribing sequencing difficulties to impairment in a specific domain that might be more or less influenced by individual or group differences in verbal/visual strengths and weaknesses. Task stimuli were quite simple and responses were not penalized for sloppiness or mild spatial imprecision; therefore, individual/group differences in drawing skill cannot explain the results. Nevertheless, future investigations should expand the application of CQ concepts to clinical populations by using a variety of working memory span tasks (i.e., simple span, backwards span, and sequencing) across multiple domains.
The primary strength of this work was the extension of a conceptual framework into the clinical realm. To our knowledge, this is the first study to apply CQ concepts to serial order recall/working memory abilities across dementia subtypes along with healthy controls. This application addresses pathological phenomena and provides novel insights into the breakdown of short-term memory processes in dementia. Our findings highlight the utility of CQ models in explaining the different forms of serial order difficulties across dementia groups. Given that memory for serial order is thought to underlie a variety of complex cognitive and behavioral tasks, it is necessary to consider the functioning of the CQ mechanism in the context of dynamic, ecologically valid stimuli. More work is needed to clarify the mechanism underlying the production of these errors in healthy and clinical samples.
